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Nanomechanical devices can operate at much higher speeds than their 
macroscopic analogues, due to low inertia. For example, peak speeds >100m/s 
have been predicted for carbon nanotube devices1-4. This stimulates our interest 
in the atomic-scale physics of friction at high velocity. Here we study a model 
nanosystem consisting of a graphene flake moving freely on a graphite substrate 
at >100m/s. Using molecular dynamics we discover that ultra-low friction, or 
superlubricity, is punctuated by high-friction transients as the flake rotates 
through successive crystallographic alignments with the substrate. We term this 
phenomenon frictional scattering and show that it is mathematically analogous to 
Bragg scattering. We also show that frictional scattering can be eliminated by 
using graphitic nanoribbons as frictional waveguides to constrain the flake 
rotation, thus achieving persistent superlubricity. Finally, we propose an 
experimental method to study nanoscale high-velocity friction. These results may 
guide the design of efficient high-frequency nanomechanical devices.  
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The nonlinear nature of friction at the nanoscale has sparked intense experimental 
and theoretical interest5-7. A focus of much of this research is on achieving 
superlubricity8-11, a term originally introduced to describe ultra-low friction between 
rotationally misaligned – and hence incommensurate – crystalline lattices12,13. 
Superlubricity has been observed by Friction Force Microscopy, which typically 
operates at <<1mm/s. However, for freely-moving nanoparticles at low velocities, 
superlubricity is suppressed because of rotation into energetically favourable 
commensurate states15-16. Energetic considerations suggest that superlubricity should 
be favoured at sufficiently high velocities, when kinetic energy overcomes the 
periodic substrate potential11. Simulations for one-dimensional systems confirm this, 
while revealing a rich variety of resonant frictional phenomena17.  
 
To investigate a two-dimensional nanoscale graphene flake at velocities >100m/s, 
we employ molecular dynamics simulations using the Gromacs code18 with the 
Drieding force field19. A graphite substrate is modeled by two layers of graphene in 
A-B stacking with the bottom layer fixed, and periodic boundary conditions applied to 
a 30nm×20nm region. Results presented in Fig. 1 are for a 10x10nm2 flake launched 
at vmax=400m/s along the armchair direction of the substrate. Flake and substrate have 
an initial T=0K configuration and A-B stacking alignment. The simulations are in 
time steps of 1fs, corresponding to <0.0004nm at vmax. The total energy of flake and 
substrate is constant, and we ignore electronic contributions to friction20. 
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Fig. 1b shows the trajectory of the flake, with sporadic changes in the direction of 
motion indicated by vertical dashed lines, corresponding to frictional scattering. 
Snapshots in Fig. 1a show each scattering occurs when the flake is 
crystallographically aligned with the substrate. Fig. 1c shows the component of the 
velocity along the x-direction, vx, dropping in discrete steps at each scattering, with 
similar stepwise variations for vy. The evolution of flake rotation angle, plotted in Fig. 
1d, indicates that the flake angular velocity, ω, also changes abruptly at each 
scattering. Fig. 1e shows that scattering events subject the flake to large oscillatory 
forces in both x and y directions, producing abrupt changes of direction and velocity. 
In Fig. 1f, the linear kinetic energy components Ex and Ey in the x- and y-directions 
and the rotational kinetic energy Eω of the flake are displayed. Since Ey and Eω remain 
small throughout, we conclude that the initial kinetic energy of the flake is primarily 
dissipated into vibrational energy, with enhanced dissipation at each scattering. After 
~1ns, the flake is effectively thermalized, with Ex and Ey reaching similar magnitudes, 
and the flake moving randomly. 
 
In Fig. 2a, we show data for five flakes with sizes between 4x4nm2 and 10x10nm2. 
The overall behaviour is similar, all flakes being thermalized within 2ns. However, the 
duration of intervals of superlubricity, τs, varies widely and seems uncorrelated with 
flake size. To understand this, in Fig. 2b we plot τs against ω during the corresponding 
interval. The data follow a simple relationship τs = 60°/ω. In other words, the rate of 
frictional scattering is simply determined by the rate of crystallographic alignments. 
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Since the total energy of the system remains constant, we estimate the temperature 
after thermalization to be <30K. This heating effect is exaggerated by the boundary 
conditions. We have studied the sensitivity of the results to initial temperature and 
flake orientiation, see Supplementary Figure 1. We have also tested other flake shapes 
and varied substrate boundary conditions. In all cases we observe a similar stepwise 
decay, indicating that this is a computationally robust effect. 
 
To study the effect more closely, we zoom in on a region of frictional scattering in 
Fig. 3. The flake velocity component, vx, and van der Waals bonding energy between 
flake and substrate, EvdW, are displayed in Figs. 3a-b, respectively, and show rapid 
oscillations near alignment. Fig. 3c shows eight snapshots of the moiré pattern 
generated by the overlap of flake and substrate lattices, at different points indicated in 
Figs. 3a-b. When the flake is rotationally misaligned with the substrate, the moiré 
pattern has a small unit cell size, am. This means the spatial phase of flake atoms 
relative to the substrate potential oscillates rapidly across the flake. The result is a 
very small net corrugation potential for the flake as a whole: this is the origin of 
superlubricity for incommensurate lattices21.  
 
As the flake rotates into alignment, am expands (snapshots 1-4). Near alignment, 
once am >> l, where l is the linear size of the flake, all flake atoms are nearly in phase 
with the substrate (snapshots 5,6) and the net corrugation potential experienced by the 
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flake increases abruptly, resulting in scattering. The corrugation potential drops again 
once the flake rotates sufficiently far out of alignment (snapshots 7,8). The variation 
of the corrugation potential, Ec, can clearly be seen in Figs. 3d-g. Ec is estimated 
along the x-direction before, during and after alignment, by displacing the flake 
relative to its instantaneous position, and recalculating EvdW keeping all other 
parameters fixed. Near alignment (snapshots 5, 6) Ec is ~100x larger than during 
superlubricity, and the flake is subject to large potential gradients as indicated in Figs. 
3e,f.  
 
In the reference frame of the moving flake, the fundamental Fourier component of 
the substrate potential along the x-direction appears as a travelling wave of 
wavelength λ=d, where d is the in-plane lattice constant of graphite. When rows of 
atoms in the flake align with crests of this wave, there is a maximum oscillatory force 
acting on the flake. This corresponds to the condition for Bragg scattering 2dsinθ=nλ, 
at normal incidence with n=2. (For odd n, the force on neighbour rows cancels out.) 
 
Since frictional scattering depends on the crystallinity of the flake, it will not be 
observed for diffusion of single atoms or small molecules at similar velocities22. Also, 
since frictional scattering depends on rotation in a plane, it is an intrinsically 
two-dimensional effect, physically distinct from velocity-dependent resonances 
observed in one-dimensional models17 and nanotube simulations23. This may explain 
why, to our knowledge, the phenomenon has not been reported before.  
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We can derive the angular width Δθc of the coherent region where am >> l using the 
standard moiré fringe formula24 am = d/(2|sin(Δθ/2)|), where Δθ is the rotation angle 
relative to alignment. Substituting for am=2l as a lower bound for coherence across 
the flake gives Δθ = d/2l in the small angle limit. Since Δθ is symmetric around the 
aligned position, Δθc = d/l. This is identical to the Scherrer equation for a crystallite of 
dimension l and radiation of wavelength λ=d, for the case of normal incidence25, 
emphasizing the mathematical analogy with Bragg scattering. Substituting 
d=0.246nm, the lattice constant of graphite and l=10nm gives Δθc=1.4°. This angular 
width is plotted in Fig. 3b, and agrees with the range where EvdW oscillates rapidly.  
 
Based on the above analysis, we propose suppressing frictional scattering by 
constraining the rotational motion of the flake. As shown in Fig. 4a, we launch a 
10x10nm2 flake on a graphitic nanoribbon of width 11nm, with the flake rotated 90° 
relative to the normal AB stacking of the nanoribbon. Fig. 4b shows that after 2ns, the 
velocity of the flake decays by less than 1%, compared with complete decay of the 
forward motion for the unconstrained flake. The nanoribbon acts as a frictional 
waveguide, periodically reflecting the flake off its edges, producing velocity 
oscillations shown in the inset, and limiting flake rotation to ±1°. However, the 
waveguide has a velocity cutoff: smooth sliding ceases below ~15m/s, a typical 
velocity for transition to stick-slip motion in atomic-scale simulations26.   
 
To probe high-velocity friction experimentally, a mechanism is required to 
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accelerate a graphene flake to >100m/s. Inspired by the ability of scanning probe 
microscopes (SPMs) to manipulate nanoparticles27 and the observation of 
self-retraction of microscopic graphite flakes after shearing28, we propose pushing a 
nanoscale flake of graphitic material partially over a step edge on a graphite surface 
and releasing it. In Fig. 5 a 10x10nm2 graphene flake, initially extending a distance 
s=5nm over a step edge, rapidly accelerates to ~600m/s after release. This 
acceleration is due to reduction of free surface energy, as also predicted for 
telescoping nanotubes1,2. From classical mechanics, it is straightforward to deduce an 
expression for the peak velocity produced by this effect: vmax = [(2/N) (s/l) (Ex/mC)]1/2  
where N is the number of graphitic layers in the flake, Ex is the exfoliation energy per 
carbon atom and mC is the mass of a carbon atom. Setting s/l=1/2, N=1 and Ex = 
53meV29 gives vmax = 658m/s, in good agreement with simulation. Although SPM 
cannot capture such high-speed motion directly, the resulting displacement of the 
flake should be readily detectable.  
 
In conclusion, the motion of a nanoscale graphene flake on graphite at high velocity 
is dominated by frictional scattering, where large oscillatory forces act each time the 
flake rotates through crystallographic alignment with the substrate. Frictional 
scattering is intrinsically two dimensional, and can be suppressed by constraining the 
flake to move along a quasi-one-dimensional frictional waveguide. These insights 
should stimulate further experimental and theoretical interest in high-velocity friction, 
a regime of considerable practical importance for future nanomechanical devices. 
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Figure 1 | Flake dynamics after launch at 400m/s. Four snapshots (a) of the 
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instantaneous orientation and velocity of the flake during frictional scattering at four 
points indicated on the flake trajectory (b). The velocity components of the flake vx 
and vy (c), show stepwise changes at each scattering. The flake rotation θ (d) shows 
frictional scattering occurring primarily at high-symmetry angles (multiples of 60°). 
The force components acting on the flake, Fx and Fy (e) show large oscillatory 
variations at each scattering.  The kinetic energy component Ex decays within about 
1ns to less than 10% of its initial value (f), and becomes comparable to Ey and Eω. The 
flake begins to execute random displacements at this point.  
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Figure 2 | Dependence of persistent superlubricity on angular velocity. 
Comparison of decay of the velocity component vx versus time after launch for 
different flake sizes (a) shows similar behavior for all sizes, although with significant 
variations in the duration of intervals of persistent superlubricity. This is explained by 
the correlation (b) between the duration of intervals of superlubricity, τs, and the 
average angular velocity of the flakes during the intervals, ω, showing that τs depends 
inversely on the angular velocity.   
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Figure 3 | Close-up of frictional scattering. Variation of the velocity component 
vx (a) and the van der Waals bonding energy EvdW (b) as a function of flake 
displacement along the x-direction, before, during and after a scattering event. 
Numbers indicate the snapshots of the flake (c), which track the variation of the moiré 
pattern generated by the overlapping periodicities near crystalline alignment between 
flake and substrate. For snapshots 5 and 6 the flake atoms are nearly in phase with the 
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substrate, and the moiré pattern is no longer visible because its unit cell am, indicated 
in snapshot 3, becomes much larger than the linear dimension of the flake, l. Vertical 
dotted lines in (a) and (b) indicate the angular width Δθc of the coherent region where 
am>2l, the central dotted line corresponding to crystallographic alignment of flake and 
substrate. The instantaneous corrugation potential, Ec, felt by the flake, for relative 
displacement in the x-direction about the flake’s actual position (indicated by a circle) 
is shown before (d), during (e,f) and after (g) frictional scattering. During scattering, 
the corrugation potentials is ~100x greater than during superlubricity, and the flake 
experiences very large forces, as evidenced by the large potential gradients in (e,f). 
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Figure 4 | Suppression of frictional scattering using a graphitic 
nanoribbon. After release at 400m/s, the snapshot (a) shows how a 10x10nm2 flake 
initially rotated 90° relative to the substrate is rotationally constrained as it moves 
along a graphitic nanoribbon 11nm wide. As a result, in a plot of velocity component 
vx versus time (b), no frictional scattering is observed (upper red curve), in contrast to 
the rapid decay of velocity for an unconstrained flake (lower black curve). The inset 
shows the same data with the velocity scale greatly magnified for the red curve, 
revealing a velocity decay of less than 1% in 2ns. A small oscillation of the forward 
velocity visible in the inset corresponds to the flake reflecting off the two edges of the 
nanoribbon as it moves forward.  
 
17 
 
 
Figure 5 | Acceleration of a graphene flake on a graphite substrate. Four 
snapshots (a) of a 10x10nm2 flake initially extending 5nm over the edge of a graphite 
substrate, and a plot of the velocity component vx vs. time after release of the flake (b), 
showing rapid acceleration to approximately 600m/s. Although the flake starts in the 
aligned high-friction state it almost immediately rotates, so that superlubricity 
predominates during the acceleration.    
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Supplementary Figure 1 | Dependence of results on temperature and 
initial orientation of the flake. By introducing an initial displacement pattern in 
both flake and substrate atoms, corresponding to vibrational excitiations at finite 
temperature, it is possible to test the robustness of persistent superlubricity to 
temperature change (a). The result for 5x5nm2 and 10x10nm2 flakes launched initially 
at 0K and 300K show similar qualitative behavior, with regions of superlubricity 
punctuated by frictional scattering. Detailed inspection shows a higher degree of noise 
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for the high-temperature simulations, which is consistent with expectations for the 
impact of temperature. Simulations at T=0K, but for different initial orientations of 
the flake when it is launched, show overall similar qualitative behavior, with the 
velocity of all flakes decaying within 2ns. The flakes rotated furthest from the 
low-energy alignment orientation (15° and 30°) spend longer in an initial 
superlubricity state, which is also consistent with expectations, since they must rotate 
a larger angle before frictional scattering occurs.  
